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ABSTRACT 


Analysis” ot tne effect of multipath propagation on 
digital communications systems was conducted. A brief 
overview of the root causes of multipath propagation was 
oe ludea”" tf this discussion. Probabilities of error were 
then derived for a generalized digital communications system 
experiencing Rician fading due to multipath propagation. 
Exact results were obtained for equiprobable M-ary Frequency 
Shift Keyed and M-ary Phase Shift Keyed modulation schemes 
used to transmit digital data. Furthermore, the probability 
O error was obtained for a generalized digital 
communications system experiencing single-bit Intersymbol 
Interference due to multipath propagation. Finally, the 
performance of digital communication links for NASA's Space 
Station operating in the presence of Intersymbol Interference 
Was evaluated. Results obtained tend to show that severe 
communication system performance degradation may occur on 
those links under certain transmitter/receiver and Space 


Station geometries. 
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I. INTRODUCTION 


This thesis was intended to accomplish four purposes: 

(1) To introduce the reader to the subject of multipath 
propagation is and how it affects the performance of 
digital communications systems, 

(2) To develop as general an expression as possible for the 
probability of error of a digital comunicac en 21-0 
operating in a Rician Fading environment due to 
iultipaucbeEoUSc qo 

(3) To develop as general an expression as possible for the 
probability of error of a digital communications system 
that experiences Intersymbol Interference (ISI) effects 
due to multipath propagation, and 

(4) To use the above analysis to determine whether there 
would be significant performance degradation due to 
multipath propagation on the communication links for 
NASA's proposed Space Station. 

In a certain sense, success was not complete. Pertinent 
pPolnes suo llouws 

Chapter 2 does indeed contain a brief introduction to the 
phenomenon of multipath propagation. AS a matter of 
practicality, some rather important concepts were kept out of 
the description in order to enhance brevity, while other less 
important items were included in order to make the analysis 
that follows in later chapters more understandable. 
Nevertheless, Chapter 2 highlights some of the problems 


associated with communications in an environment where 


multipath propagation exists, and indicates how the relevant 


system parameters relate to the physical phenomena associated 
with multipath propagation. 

Chapters, 2s devoted to the task of deriving the 
Premaotiity wor, error of a digital communications system 
experiencing Rician fading due to multipath propagation. 
Although numerous treatments exist of generalized digital 
communications systems experiencing so-called Rayleigh 
fading, Rayleigh fading is constrained to the case where the 
reflecting mechanism is diffuse--meaning that specular 
reflections are not covered. Since multipath propagation 
tends to occur due to both diffuse and specular reflections, 
the Rayleigh Fading model is in essence incomplete. If one 
"EN ccconsider fading caused "by a combination of both 
specular and diffuse reflectors, one must add a specular term 
to the received signal model resulting in a Rician 
probability density function (p.d.f.) for the received signal 
amplitude statistics. No derivations for the probability of 
receiver error under Rician fading have been found, so one 
was attempted here. Rather than attempting to obtain a very 
general result, a sub-case of significant interest was 
considered in detail. Specifically, only equiprobable signal 
transmission was considered, and a complete expression was 
arrived at for the case of M-ary Frequency Shift Keyed (MFSK) 
modulated signals. Due to the complexity of the final 


expression in the case of M-ary Phase Shift Keyed (MPSK) 


modulated signals which prevented us from showing it in its 
full form, a result was obtained for MPSK as well. 

Chapter 4 begins with a presentation of the configuration 
of an optimum receiver for the processing OP ODE UE 
transmitted signals. The probability of receiver merr o m en 
ISI effects are present is then obtained. In order to keep 
the derivation manageable, this analysis covers only the case 
where one adjacent bit interferes with the presently 
transmitted bit. Once again, the final result covers only 
the case where the M possible signals have an equal 
probability of transmission. Except for ENis Comstraineyeeen. 
results are quite general, and can be applied to a larger 
class of modulation schemes. 

Finally, Chapter 5 addressed the problem of multipath 
propagation as it applies to NASA’s Space Station. Ete 
includes a description of the relevant portions of the Space 
Station Communications System under consideration. Due to 
the fact that it was impractical to determine appropriate 
fading parameters using the more complete Rician model, 
multipath analysis for Space Station was carried out using 
only the ISI model developed in Chapter 4. Even so, and 
despite the fact that our ISI model considered only the case 
when a single adjacent bit interferes with the present bit 
transmission, it was demonstrated that there may indeed be a 
problem with poor receiver performance under certain 


conditions when the Space Station is operational. This 


analysis indicated that further studies are appropriate, if a 


properly operating system is to be built. 


II. THE ANATOMY OF MULTIPATH 


Multipath propagation (or just multipath for shore) E NEN 
insidious perpetrator. It can affect the performance of a 
communications system in various ways. Trying to learg 
something about IE is not always easy because 
phenomenological descriptions require knowledge covering a 
host of disciplines. Physicists, electromagnetic engineers, 
and communications engineers describe it differently because 
all three tend to focus on different aspects of this physical 
phenomenon. 

Physicists, not surprisingly, tend to To US 
physical structure of the "mutrtpaen presu” while 
electromagnetic engineers are best able to provide relatively 
precise descriptions of what happens to the phase and 
amplitude of the propagating wave for a set transmitter and 
receiver location and a set multipath geometry using 
numerical methods. Communication engineers are generally 
interested in a probabilistic description of the channel in 
terms of a probability density function (PD R Oma 
optimum receiver structure can be developed and its 
probability of error determined and evaluated. 

The simple truth is that there are cases in which theory 


alone cannot provide the answers. The problem of launching 
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IEA Ve from Some pointe “A to some point "B^" and 
predicting propagating effects is often too complicated to 
analyze. Sometimes one may find that the only way to 
correctly design a system is to first experiment with the 
enanne ln oder tO obtain a good model from which analysis 
and design predictions can be obtained. Nevertheless, there 
are fairly general theoretical models of the effects 
associated with multipath that communication engineers can 
use, which if coupled with proper understanding of the 
physics of the situation, may result in reasonable analyses 
and performance predictions. The intent of this chapter is 
to provide a basic introduction to the phenomenon of 
multipath, with particular emphasis on the salient features 
which are pertinent to the communication problems studied in 


the sequel. 


A. CATEGORIES AND CLASSES 

As described by the physicist, multipath effects are a 
manifestation of either reflection or refraction. [1] 
Electromagnetic engineers also include diffraction, 
scattering, focusing, and attenuation as modifiers of 
multipath propagation, although all of these except for 
diffraction can be derived from the basic first two. ELO 
PI ommaanicatrion engineers, 1t is important to know’ how 


those mechanisms affect the amplitude and phase of the 
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received signal, as both can influence the received signal 
quality. 

Most technical sources list three varieties of 
electromagnetic reflection:  specular, resonant, and diffuse. 
From the communications standpoint, specular and resonant 
reflections produce the same results. So, for our purposes" 
it is sufficient to categorize the seources of mu ELlpac NN 
being either one of two classes: 


eplanar, including specular and resonant, and 
«diffuse. 


Each affects the communications system differently. 
1. Planar Reflection 

This is the term used for cases when an electromagnetic 
plane wave is reflected off a relatively smooth surface by 
either specular or resonant (sometimes called “Bragg”) 
scattering. Planar is the kind of reflection most sought 
after in applications where multipath is used to the 
advantage of the designer, such as when ionospheric “skips” 
are used in order to extend the range of high frequency 
transmissions, Since it usually does not distort the signal 
significantly. 

Specular reflection is what occurs when the surface of 
the reflector is very smooth in relation to the wavelength of 
the incident wave. Note that the reflector need not be 
smooth at all, and it may have a surface that on the whole 


appears fairly non-uniform. However, as long as the surface 


2 


appears to be smooth in relation to the wavelength of the 


incident radiation, (that is, surface roughness, p, is much 


less than the incident wavelength, A) specular reflection will 


result. A definition of roughness, called the Rayleigh 


eric erion miS as follows 


e 4TO Tm is 


where O is defined as the standard deviation of the surface 
irregularities relative to the mean surface height, 60 is the 
angle of incidence measured from the grazing angle, and À is 
the wavelength of the carrier [3]. Pactorially; it can be 
viewed as shown in Figure 2-1. 

“Resonant” reflection occurs when a surface is perhaps 
meer rough to reflect specularly, but the roughness is 
periodic with a spatial separation corresponding to some 
multiple of half the incident wavelength. When this 
geometrical scenario is set up, the quanta of reflected 
energy can constructively interfere to form a reflected wave 
which will reach the receiver [3]. Resonant reflection can 
be pictorially viewed as shown in Figure 2-2. 

Again, it is important to note that despite the 
different physical phenomena involved, akr planar 
e lectins, Doth specular and resonant, affect the 


transmitted signal in basically the same way. 
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When planar reflection occurs, 
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phase of the reflected signal can be changed, 


effects can 
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fairly linear, fashion. 


predictable, 
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generally be predicted and compensated for, unless the 
structure of the reflector is changing with time in an 
unpredictable fashion. In such a case, the amplitude change 
and phase shift are mathematically treated as random 
|uasecssesresultuEmogermoa single reflected-signal path. But, 
the receiver always processes a single direct-path signal 
along with a single reflected-path signal when planar 
Perfection occurs. 

The reflected-path signal can cause a phenomenon known 
as Intersymbol Interference (ISI). This occurs when the time 
delay encountered by the reflected signal is so long that it 
reaches the receiver at the same time as the direct-path 
signal for subsequent transmitted symbols. For digi lal 
communications, ISI can be quite destructive. 

Suppose, for example, that a digital communications link 


aith bit duration vt, releases a bit from the 


transmitter at time t, and via the direct path, reaches the 


receiver at time t+0. The reflected-path signal will travel 


a longer route to get to the receiver, so the bit traveling 
this path will reach the receiver at a later time t+0+et. If 
bit "k^" is transmitted at time t, the subsequent bit "k-*1" 
can reach the receiver via the direct path before or during 
the time that the reflected bit “k” does. ISt will thnen 
result. This situation can be graphically viewed as shown in 


EG Ch Zee 
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FIGURE 2-3. Intersymbol Interference (ISI) 


If there is more than one reflected signal path causing 
several bits to be received simultaneously, the situation can 
become almost untenable. This will be a topic of further 
discussion in Chapter 4 of this thesis. Fortunately, the 
Study of ISI has received significant attention in the past 
so that relatively effective techniques to combat ISI are 
available. 

It is important to note that if there is a single planai 
reflector present, and if enough information about the 
reflector's characteristics is at hand, an optimum or near 
optimum signal processing receiver structure is usually 
obtainable. 

2. Diffuse Reflection 

Multipath propagation due to diffuse reflection usually 
occurs when the reflector is not a discrete object. With 
diffuse reflection, the amplitude and phase of the signal can 


be altered, but there are further complications. The 
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received signal may in fact be a continuum of reflections, 
with its incoming phase smeared to a point where it becomes 
undecipherable. The amplitudes of any one reflected 
component may be indistinguishable from the others. Sea 
called Rayleigh fading is a common manifestation of diffuse 
merece lon . The ionoshpere, for example, may act as a 
diffuse reflector to certain signal frequency bands. some 
troposhperic effects such as precipitation and ducting can 
behave as diffuse reflectors. Thus, although diffuse 
reflection is not a simple phenomenon, it is common and must 
be dealt with. Fortunately, this problem received early 
recognition by analysts and system designers so that the 
available pertinent analytical tools have reached a fairly 
Mature. stage. 

Since diffuse reflectors seem to sometimes act as a 
continuum of individual specular reflectors, computer models 
can be developed in which the diffuse reflector is simulated 
as a sum of a large number of specular reflectors. 

As with specular reflection, the characteristics of 
diffuse reflectors can change over time and appear to be 
random, thus necessitating the use of random processes in the 


mathematical model. 


B. FREQUENCY EFFECTS 
Teo hs tes of multipath are fairly straightforward. HE 


Aia ectocnecceurswert awmtalrtv flat plate, the “effect 
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will appear to be specular. If the reflectores s 
discrete, diffuse multipath effects can be expected. 

But what appears flat and smooth to one packet of EM 
waves, May appear differently to another. For instance, if 
long-wavelength high frequency radiation were bounced off a 
large, flat structure that appeared smooth, the radiation 
would be specularly reflected. However the surface roughness 
of the structure may be such that it might appear rough to 
shorter-wavelength EM waves and cause diffuse reflection. 

In reality, no reflector is either purely planar or 
diffuse. But in many instances, the problem can be 
simplified to one in which, for a given set of frequencies, 
a reflector can be modeled as either planar or diffuse 


because one type of reflection is clearly dominant. 


C. MULTIPATH EFFECTS 

There are two basic ways to describe the effects of 
multipath from a communications standpoint. They are: (a) 
Fading, and (b) Intersymbol Interference (ISI). 

When a transmitted signal arrives at the receiver, the 
transmitted bit is adjoined by scaled and delayed versions of 
the transmitted bit due to multipath. These scaled and 
delayed versions will interfere with the normal performance 
of the receiver. It is possible to empirically measure the 
degradation in receiver performance under given multipath 


conditions in terms of signal loss, usually expressed in 
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units of decibels. When the receiver's measured signal loss 
Pees Lescea tn this fashion, the effect is called multipath 
Racing" 

Another common method of determining the effect of 
multipath on a receiver's performance is to analytically 
EU resserhe probability of error for the receiver under 
circumstances where a previously transmitted bit is received 
at the same time as the presently transmitted bit. That is, 
adjacent bits can be delayed by the multipath to such an 
extent that they are received at the same time as bits that 
were transmitted later. This phenomenon is called 
Intersymbol Interference, or ISI. This method is purely 
analytical, and therefore can be insoluble for certain 
conditions of multipath whereby a large number of bits are 
delayed in such a fashion that many such bits are received 
Simultaneously. 

Cossio le to rule out any dorm of multipath 
degradation if the following two criteria are satisfied: 

(1) There are no RF reflectors, either specular or diffuse, 
which generate multipath between the transmitting and 
receiving platforms, and 

(2) The receiving platform is small enough, simple enough, 
or “clean” enough so that the transmitted signal is not 
“bounced around” within the platform’s structural 
boundaries before the signal reaches the receiving 
antenna. IM portont tO Note that this criterion 
is heavily dependent on the bit rate, because the bit 
rate is what determines whether the receiving 


peat tLorm o Structure 15S Of a size that will result in 
this multiple bounce effect described above. 
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D. SIGNAL MODEL 
The general mathematical form of an M-ary digital 


communication signal is 


s, (t) = $2 f,(t) costo t + 9, (t)} (2-2) 


where the subscript i represents any one of M possible 


transmitted signals, the subscript T represents the duration 


of the signal, £:(t) determines the ampi arem noD t ae 


ith signal, 0. is the carrier frequenc dc NN n 
deterministic phase of the signal. This mathematical form is 
equivalent to 


j[6, t4, (£)] 
s, (t) - J2 Re|£ t) e De 


Since this form is mathematically easier to manipulate, it is 
sometimes preferred over the cosine form of Equation 2-2. 

To illustrate how these expressions are used, consider 
Binary Phase Shift Keyed (BPSK) modulation. In” this 
modulation CEA there are two possible signals to be 


transmitted. These signals would be 
S, $t) - Ae A cos(@ t + T) (2-4) 


s, ,(t) = In A cos(Q t * m) (2-299) 


Thus, for this modulation sebemerer oe eS 


be the signal amplitude, A, and signal “1” is differentiated 


20 


Pam nai Ene opposite (antipodal, in this case) 
phases. 
recuentos cds). modulation is similar, but 


instead of substituting a fixed phase term in the place of 


Dru umtunctlosnee corresponding to the. integral of the 
instantaneous phase must be used. 

In the case of an Amplitude Shift Keyed (ASK) modulation, 
the Q,(t) terms would be constant or eliminated, and the f; (t) 
term would be used to define the different possible signal 


amplitudes. 


E. MULTIPATH PARAMETERS 
1. Fading Model 
Chapter 3 presents the analysis pertaining to the 
eeng er fects -of multipath propagation. Utilization of this 
analysis requires that the following steps be taken: 
(1) Experimentation or computer modeling of the reflecting 
structure must be performed in order to provide the 


necessary multipath parameters. In the case of the 
Rician model presented in Chapter 3, the parameters are: 


CQ = amplitude of the planar (specular) component 


Ó = phase of the planar (specular) component 


V amplitude of the diffuse component 


8 = phase of the diffuse component 
The amplitude and phase of the specular component can 
normally be considered to be deterministic, whereas the 
parameters pertaining to the diffuse component are 
usually considered to be random processes. arenas 
analysis, those random processes are assumed to be 
Gaussian, since this is the case that most often occurs. 


(2) Once these parameters have been determined, the 


modulation scheme to be used must be substituted for the 
general signal model used in the analysis to follow. 


DI 


(3) At this point the receiver performance may be obtained 
directly from the results and the probability of error 
Curves may then be constructed. 

We have provided the probability of error for the M- 
ary FSK (MFSK) case, as well as the steps to be taken to 
develop the M-ary PSK (MPSK) results. 

2. ISI Model 

Chapter 4 analyzes the effects of multipath that 
result i ners ie Although it may be possible to develop a 
general solution for performance affects due to multipath- 
induced ISI, the problem rapidly becomes unwieldy. In order 
to keep the problem manageable, an a priori assumption was 
made that the modulation scheme to be used would be 
orthogonal? Therefore, this analysis is only valid if an 
orthogonal modulation scheme is used. 

The required parameters necessary to evaluate the 
effects of ISI are: 

Di 
Ni 


amplitudes of the multipath signals 


travel delays of the multipath signals 
These parameters can be obtained analytically through simple 
geometric approaches. 


The ISI analysis will be illustrated with an example 


nn (Raptor 


F. LIMITATIONS 
Analysis involving ISI effects has been performed 


Specifically for communication links to be used in NASA's 
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proposed Space Station. The results are presented in 
Chapter 5. 

Spee et temnc ane lou tnvomyingestading effects is not 
included here, since to utilize the performance results 
pr 3nedoneehapter cs an empirical model of the physical 
Bont i gGurat lon must be available, either Ehr rough 
experimentation or computer modeling of the reflecting 
structures. This can be (and typically is) an expensive and 
time-consuming process. Nevertheless, such efforts must be 
eenn edout in order to quantify the multipath fading 
parameters. TRIS ea e aS somewhat the utility of the 
fading performance analysis (excluding its purely theoretical 
value) because the lack of procurement of realistic values 
for the fading parameters prevents the application to a Space 
Station-related problem. An analysis related to the Space 
Station geometry using arbitrary values for the necessary 
parameters would be of little value. 

Finally, despite the fact that a theoretical analysis of 
the physical structure of the reflector can provide useful 
Del ameters for use in the analysis of ISI performance 
effects, since the modulation scheme considered for the 
communication link is orthogonal, the analysis and results of 


Chapter 4 do apply. 


Zo 


III. IHE RICIAN FADING PROBLEM. 
TRANSMISSION WITH NO DIVERSITY 


A. INTRODUCTION 

In this chapter, we carry out analysis which models the 
effects of multipath in the form of a system that induces 
fading on signals transmitted over such a communications 
channel. At first, we will assume no particular modulation 
scheme in order to ensure that the analysis will be 
applicable to as many communications systems as possible. 
Thus, a mathematical model for a generalized digital 
communications Signal will be used here. Later we will 
conclude the analysis by specifying the resultant probability 
of error (P{e}) for a system employing M-ary Frequency Shift 
Keyed  (MFSK) modulation as well as the mathematical 
expressions that lead to Ple) for M-ary Phase Shift Keyed 
(MPSK) modulation. We will also assume that no multipath 
countermeasures (such as diversity techniques) are 


implemented. 


B. PRELIMINARY ANALYSIS 
Assuming no particular digital modulation scheme, the 
general mathematical form of the transmitted signal is 


j$(t) jet 
s, p(t) = ¥2 Re |£,(t) e e 
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= y, f£,(t) cos(Q t * 6, (t)] (Sa) 


maere a= 1, 2 0. ndme, $ t S Tr. 

As described in Chapter 2, by properly choosing the real 
BEECUSORS 3 (t) andO.(ty, te ls possible to consider a large 
number of modulation schemes, such as M-ary Frequency Shift 
Keying (MFSK), M-ary Phase Shift Keying (MPSK), M-ary 
Amplitude Shift Keying (MASK), and combinations of these, to 
produce hybrid schemes, like Quadrature Amplitude Modulation 
(QAM) and the like. 

The received signals are modeled as 


jot JO, (t) 30° 
S, (t) zu Re pv’ fate). © e e (852) 


pere e 1,2, /M " I¿StSIÉE. and v' and O Mare enel ens 
which represent the combined amplitude and phase changes 
brought on by multipath propagation. Expanding v' and @' 
into the planar and diffuse components, we have 


v' e =Qe t ve (3-3) 


where ( and Ó are the amplitude and phase respectively of the 
planar component, and v and Q are correspondingly the same 
for the diffuse component. 

The relationship amongst these quantities is graphically 


displayed in Figure 3-1. 
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FIGURE 3-1. Rician Fading Signal Geometry 


Using the larger triangle in Figure 3-1, we have 


one = o + v. t 20v cos (0-90) (3-4) 


In most analyses, it can be assumed thatQ andó are 


deterministic parameters while v and are random variables 


with joint probability density Eunct ion podus 


2 
f (10) = — exp - — (3-5) 
( 26 20 


where OSvsee, and 0<0<2xT, so that v and@ can be seen to be 


independent Rayleigh and uniformly distributed random 
variables respectively. 
It is shown by Turin [4] that due to the given joint 
p.d.f..of vvend 0, .thesjoint pd. oir ado Ec 
2 2 
vi v! + à - 2uv' cos(0'- à) 
2 |S ee (say 


210 20° 





ea 


where 0 S v' S es, and 0 <0'- ð < 27, so that by direct 


integration 
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2 
ve v'^- a^- 20v cos (0'- à) 
TEL la exp [- —————————————| a0" 
Vt 2 2 
2nO 20 
ò 
2 2 
v! UT | (3-7) 
o? 20 o 


where, OSv'sSoo, resulting in a Rician density for the random 
variable Y", 


Whereas 0 is a uniform random variable, Ó' is not uniform, 
as can be seen from 


oo 


ve e a- 2av' cos (6'- 8) 
£,.(8") = > E a ee eee aeaee 


3 et (ao) 
, 210 20 





Several steps must be carried out in order to evaluate 


puecrntegral, resulting in 





1 - 0 /20° 
Wo Me 
or 2 
ORUM ORE a ('- 8) 
i - - 
+ 22 cos(8'-8) exp| - ——————— Quee | (3-9) 

oJ 2x 26 o 

where 0 <0B0'- 8 < 2T. 


The actual shape of the p.d.f. is 
dependent on the QX/O ratio. 


Note that for a purely diffuse 


wu Dotbecontribubron, resulting in «/O6 - O, 


1 
£ (8) =— 3-10 
a + (3-10) 
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which is a uniform p.d.f., where 0 <0'- 0S<S 2n. For a purely 


specular multipath component, which resules iO Oo 


0 guo x 0 
ES (0') = (3-11) 
M 9'-6 70 
which corresponds to a Dirac delta i PONE A complete 


analysis would require checking that the relationship 


| £0.09) dó' -1 (32128 


is indeed satisfied, however some integration difficulties 


arise. Nevertheless, this clearly demonstrates that Ü' does 
not have a simple uniform p.d.f. (unless @/6 = 0). 

Later, the case ofÓ being a random variable will be 
investigated. This analysis may be useful if the specular 


reflector's position is unknown or if it 1s9"moving c © lowe 


thus be assumed that Ó has p.d.f. 


m cos (0) 
; = 
f — —— s 
A ) ITT, m) ( ) 
where -T«OÓ«nt, and OSm<eo, which due to the variable parameter 


m, represents a family of p.d.f.'s ranging from the unio 


p.d.f. for m=0 to a Dirac delta function for moo. Lt) wale 


be necessary to determine the overall effect on the p.d.f.'s 
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involving v' andÓO' whend is random. From previous work, 


however, even ifÓ is random, v' will have an (unchanged) 
eian p.d. f. as giveniby Equation 3-74 
Returning now to the received signal s;(t), we have 


= jð 30 A le 
aa) = /j2 EC e ee. ce) em S 


3 (0 t+0, (£) +0) O +0 ) 
=y 2 Rep af, (t)€ +2 Re E) E 


E = J2 a £, (t) ZEE t 9, (t) T J 
T {2 v f.(t) cos| o.c t $, (t) + o] (3-14) 


The term 


JD (x B) cos| o.t + $, (C) ay J (3-15) 


is the so-called specular (multipath) component, but as 
discussed in Chapter 2 of this thesis, a better name for it 
would be the “planar” reflection term, since it can be caused 


by either specular or resonant reflection. I0 all our 


analyses, (€ will be treated as a deterministic quantity. The 


term 


J2 v f,(t) cos wt + $, (t) t o] (3-16) 


is the so-called diffuse (multipath) component, where v and O 
are random variables with the previously specified puc M 


Observe that 
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a ll Y cos(8-0)] y 2 £,(t) cos[0.t + Q,(t) + 6) 
+ v sin(0-0) Ur EEES DNO NU). + ô] (3-17) 


For convenience we define 


M cos (6-0) (3-18) 


v sin(6-0) (3-19) 


= 


Clearly, aq and az are random variables, ito 


obtainable from 





1/2 
2 
v= [a 0) + a] (3-200 
a a 
0-9 = tan (3-21) 
a, 0 
and 
da, 
— = cos (0-0) (3222) 
dv 
da, 
— = y sin(0-0) (3-23) 
90 
da, 
— = sin(0-8) (3-24) 
dv 
da, 
— = -v sin(6-8) (3-25) 
90 


The resulting Jacobian of the transformation J(v,0) is given 


by 
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cos (6-0) v sin(0-0) 





Un = = y (3-26) 
sin(0-8) -v cos(6-8) 
Now, 
112 a 
2 2 = 2 
S | |i. o t N , Ó-tan a, - j } (3-27) 
1/2 
|,- Q) + M (a, - 01) sty a, 
p E -——— — ( 3-28) 
2TO 26 


and 


172 
e f | i. Q) a a| ; 5-tan "| *./ (a ~- a | } 


ME == AT 
2 2 E 
J | | (a,- a) 3 az / 6-tan la, (a,- o) | } 


2 2 
ii iQ Q) t a, 
= = MÀ Srp — aE 
Oy 2T 20 
2 2 2 2 
1 =(a,- 0) /26 r ae 


= e 


Gy 2T o4 21 








e (5529) 


This demonstrates that a, and apg are independent Gaussian 
random variables of equal variance, 67, and means, Q and 0 


respectively. 


Thus, if we define 


MEI A f(t) cos| x + q (8) + J (3-30) 
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y. (EE p, Ee) sido: + $,(t) J (3-31) 


we have 


s(t) = Y, a, y, (t) (3-32) 
1 


where i's Ur 2, cnc E ee 


We now define some quantities of interest, namely 


Te Te 

2 2 1 1 
| ye (t) dt = | Zee ty E + > cos (20 t + 20 (©) + | dt 
Tp Ty 


Te 


X 


2 
= | f (t AENA (3535) 
Ty 


since for any €¿(t) that varies much more slowly thanweme 


Ice mevitgs 


Tr 
| £ (t) cos|2 to: 19. S 2 A (3584 
Th 
Also, 
Ts Tf 
il 1 
[vie dt = | 2f, (t) + E cos (20,t + 20, (t) + 2 | dt 
Tg Ty 
Tr 
- | £ (t) dt s E, (3235) 
Te 
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Era Le 
Te 
ENG A E) Gis 
Ty 
Te 
= Jae co) cos (Q t. (t) * 0) OE OO) dt 


Th 
Te 
2 
E | DN sin[2t ce, c | dt = 0 (3-36) 
Tp 
We also define 
Te 
= : £ dat; = 1 3-37 
Pi. E ETT f, (t) ,U) m ED - (ors) 
(Ec; £j 15 


Later, we will encounter 


Te 


Yn (t) Yn (t) dt 


H 
o 


Te 
| 25, co &, ce ceca O cos [tc (ct) + Oo] dt 


Tg 
Te 
= Je, ce f (t)cos (>, (t) - 9 (t) ldt 
Th 


Te 


t lee cos [20 t 6, (t) * 6 (t) *20] ale (3299) 
Ty 
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this expression is clearly 


second integral Pin 


The 
the first integral involves 


insignificant, whereas, 
T , i 
j$, (€) -jQ (t) 
Re DS e ru E ll SA (3739) 
Ty 
which may not be zero even for izm. Furthermore, 

Te 
lr, YNE) dt 
Th 

Te 

= Je, (e £, (© cos to, (t) =, (t ]dt 

Ty 

Te 
E le, (e) £, tt) cos (20,£+9,(£)+ 9, (€) 425) at = ee (3-40) 
Ty 
Also, 
Te 
Jy seo E Che 
Tg 
Te 
= Je, (02, (e) sinto,(e)-0, (011 dt 
Ts 
Tr 
+ le, (0 £, tt) sin(20,6+ 9, (£)+9,(6)+25 dt = 2) (334 
Ty 


34 


where 


Te 


le, (t) £, (t) sinfo, (t) - Q,(t)] de 


Ty 


D (3-42) 


C. THE DETECTION PROBLEM 


In the M-ary hypothesis testing problem, the received 


signal r(t) is modeled by 
HOME ae Ie) (22959 


pee a MU AB Ets Te Mana nt) Is the Additive White 
Gaussian Noise (AWGN) of Power Spectral Density (PSD) level 
hey 2 wWatts/Hz. If si(t) is a completely known signal with 


Peerability P; of being transmitted, then the optimum 


receiver must compute 


T T 
EN : : 


2 2 
1 =€ e = | EI acct: = ls EE dt (3-44) 
i N Í i 
: Tp Th 
A 2... .,M, and will decide that s,(t) was transmitted 
IE 
INS I. a sm (2-45) 
m dl 


Since due to multipath, the received signal model is 
2 


s(t) = È a, ya (t (3-46) 


k=1 
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for i = 1,2,...,M, and TQStST,., then conditronedgongchl Ns 


variables a,, k=1,2, 


RE 2 
1 2 1 2 
l,la,ra, = È EXP y i Ok Sr a0 DE. A (3-47) 
0 k=1 0 k=l 
where 
Tt 
S z | EE) yu de (3-48) 
Ty 


and the simplifying condition (see Equations 3-38 and 3-40) 


Te 

0 ncc. 
EN y, (t) dt = (3-49) 
T E DELE 


has been used in Equation 3-48. 


Using the previously derived joint pod lt. SOME UNE nM 


is = Il Ici Supe BA Ay aes da, da, 








= 2 

= exp - —— a + =— R a, - — 
N E 2 > 
M 0 0 20 NO 

a a 
2 
° fex - a a, + — poc - — í (3-50) 
b 0 0 20 ong” 


We work through the more general (first) integral of 


Equation 3-50. The exponent, only, iS ortie o 
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where 
1/2 
Ei E 
E, E p tcm 
Ny 20 
=+ 2 
- 0 20 
E 1/2 
Bes i 
N 20 
2 
R. 
—+ 
2 No 20 
ny 
e COND CNN 
20 fi Ih 
cL 
Ny 20 


Thus, the firstEntegralMe rs or the form 





2 
1 -i(&a,-£)) + Ez) 
ae aa, 
-0% 2TO 
-& o 2 TE, 
- e | | e en. du r = 


J 20° e, > y 21 ed 20 
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(352) 


(35953) 


(2-954 


15293) 


where the change of variables 
2 2 
u 
Tr. = [5s 3 (3-56) 


has been used in Equation 3-55. We can simplify slight ES 


the integral in question becomes 





2 2 2 
(E, 260 R, 2R. Q 
E IU aa 
2 
‘ N, N, N, 
e | (3-57) 
152 E 
Es; Z L a E 
1-20 26 
; Ny 20 


It is obvious that the second integral yields a similar 


result witha = 0 and R45 in place of R,,, namely 


1/2 (3-38) 





E 
2 B) 
ME 
N 





0 
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Thus combining all these results, we have 

















C EE 20 R i 2R. Q 
ln(P,) Na N° Nh 
Pa E L expļ - 
j 2 il T 
1420 — 26 gr 
N 
ð 0 20 
2 
Re 
2 
N, 
~ exa 2 I (3-59) 
Eei 1 
E 
Ny 20 


and since receiver decisions can be based on ln(l;) just as 


well, we have 





20 E. oc 
In(l.) = 1n(P.) - ln|142———| - — 
ne 3t. N 
0 20 
R ^ 2 
E $ POS Ri 
N eun 
0 26 Ny 
A (3-60) 
Bes 1 
Ny 20 


Thus the most general receiver structure for the 


Beer ron tor in I Is shown in Figure 3-2. 
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FIGURE 3-2. M-ary Receiver Structure with Rician 
Fading 

Clearly, M structures of (generic) form as shown on 
Figure 3-2 must be implemented and their outputs compared in 
size so that a decision can be made based on a modified 
version of the decision rule of Equation 3-45. 

It is obvious that if all signals are equally likely and 
Eg; 1S independent of the index ees hardware imate ene 
dotted box shown in Figure 3-2 is unnecessary so that the 
output from the adder following the squaring devices is 
sufficient in order to make decisions. 

The receiver structure can be modified according to the 
constraint of a given modulation scheme, such as MFSK or 


MES Before focusing on the performance of this receiver, 


it is desirable to investigate what modifications must be 


made in the receiver structure of Figure 3-2 whend is modeled 


40 


as a random variable. im Ordeéer mto accomplish 


backtrack somewhat now and define 


2 
20 E, 2 





ge emn C ieee 


al dl N 5 


0 20 








so that 
2 2 
R, 
2 
Ny 
: 2 
NU Ri 
"s 
20 N 





merce as shown in Figure 3-2, 


1 


20 


e 
1 N, 


iE O 1S a random variable, 


this, we 


(3-61) 


(3:62) 


(9503) 


(3-64) 


then 1; as given by Equation 


EOS 1S actually l; Jð , a conditional random variable, so that 


oo 


1 =) 1,18 2,5 að 
E 2 m cos (Ô) 
Ji MA a Re e 
= € Jexp — NO i TES st T3 ¿90 
= w 0 20 N, 2T I, (m) 


4] 


(3509) 


Now, from Equations 9 5 dms 0 


Tt 
mo o cosé | DID P Boc) cos], 0, (t) | dE 
Tp 
Te 
- sinb[» (t) 2 £, (0) sin 0,649, (0) fac (3-66) 


Tp 


and with the aid of Edquatuspne 1. 


Te 
= OELCTO (C 
- = COSO | r Jo f, (t) san] A 9. ( | dt 
Ty 


Te 
- sind[r(t) 7 £, (t) cos] 0,9, (t) Jat (3-67) 
Tp 
Now, defining 
Tr 
r= | T(t) J2 cod e.t : $c | dt (35590 
Th 
Te 
= | r(t) y2 DE p o, (e | dt (3-69) 
Lp 
then 
g.” 2 2 
i 1 r, cosó-r, sinó T r, cosó-r, sinó 
l1, - € [exp ee a 
00 H; Ny 20 Ny 


m cos (ð) 


e TE -7 
TERE do (3-70) 
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If we examine separately the terms inside the second set 


of brackets in the exponential of Equation 3-70, after some 


manipulations we have 





r +r. 20 r, cosð - r. sind 2 
ie is ic is X 
= aa (og 
No 20 Ny 40 
TOUS. 
2 2 
Sla a re SF ris a 
l, = © exp — | —— + 

T 2 4 

Hf ox 49 


E m cosó 
201 (r, cosó - r, sin0) e 

JE KA 

—T 


> — ad (3-72) 
20 N, 2n I (m) 


Reducing the integral only yields 








Drs 
M (ou) 
I, (m) 
where 
1/2 
2 2 
2a Fi a E 
20 No 20 Ny 
Thus, 








2 2 

+r, 2 Ig) 

lC 5 IS p EE 0 T (3-75) 
N, 40 Ij (m) 
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and 


2 2 

: L. 2 

inl =g + |= +] + inia) -in I m (3-76) 
i 1 Dr No Ag. 0 at 0 


The term Im Ig(m) Canmot possibly Waerect any deci nmen 


and the term ln Igí(q.) can be approximated) accurarel, eo 


small and large arguments of the function. The generation of 


ln 1; ignoring the in Ipm) ceri can bema aO Ome neds, eae 


system shown in Figure 3-3. 


v2 £i(t)cos[w.t+p(t)] 
Es 


1C 





FIGURE 3-3. Receiver Structure with Rician Fading 
and Random Specular Component 


A significant simplification resulto mI E et eee 


is the case, then 


I, (q,) = — + 1 EE 


SS icone 


= 1n 1,(q,) = (5:78) 


e fs a 1| 20 EE 20 zal 
- ln I 379 
4 26° N, ur n 0 (m) ( ) 


and after some manipulation, 


and 




















om 
2 2 
1 a a 20'N E 
in 1l.=q.+ es, ie. 
g LN 404N2 1€ J M 2 TC ls 
2 q 
WN. 40 N 
2 cd 
+ E Dn tm) (3-80) 
40 p, 


D. RECEIVER PERFORMANCE 


ime VOrger Eo. evalliate wthe error probability of the 
teceiver, we assume that Sm(t) is transmitted resulting in ln 


taking on the value Im. Since 


(3-81) 


we see that 


EIC MEET ens LT. "sp. 


In evaluating this probability, issues of independence 


come into question. With the assumed transmitted signal 
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Te 


l Oo 
ipm leo 1 nte) | A ag? 
Es o 
2 
Te 
T = f. t a(t |] Y (E) dt (3-82) 
On 
Since 
s (t) = y a, y (0) (3-83) 
k=1 


we have, after some reduction, 


2 
1l 1 aq 
NA = N EE im i a p m Dom Ne, + 2 
A 0 0 20 


2 
1 1 
d B [2,8 » asl + N, s (3-84) 


where 
Te 


e = | n(t) y,, (t) dt j=1,2 (3-85) 
Ty 


We see that A; is made up of Gaussian random variables 


that are squared and summed. We can compute the p.d.f. of 


the component Gaussian elements in order to obtain the p.d.f. 
ous ie We let 


2 


1 1 
b, ==> [45. i TA += n, + (3-86) 
l N N 11 
0 0 20 
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1 il 
Dien = Has, T abin * X Pio (3-87) 
0 0 


Since a; and az are both Gaussian random variables with means 


œ and 0 respectively and both with variance 6%, we have 


1 
EU e T =, (3-88) 
0 20 
£ Í 
E N, ap. (3509) 
Also 
b..-E{b.,} = lo Eccc BI n (3-90) 
1 ii N, 1 im 2° im N, tl 
TN as ] 1L ES 
2i 21 N, 1 mi 2 im N, ni, ( 
So, that 


E{{b,,-E{b,,}] (b,,-E{b,,}]} = 


1 
TE EA Sim y UM Vf) 0d Ba + T CE 
N 
0 
1 2 2 
n cs (6 Sin Bai 4 o p. Sin A Ein, nt} Lu 
N 
0 


where the second equality in Equation 3-92 is made possible 


by the fact that random variables a, and az are independent. 


NS e 
Ba = -B EEN 
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and 


Te Te 
Dac o = E [ETT y,, (t) elit: Jaw y,,(t) dt 
Ts um 
Ts 
N, 
UN E MU (3-94) 
Ty 


it is clear that b,j; and bo; are uncorrelated, and since they 


are Gaussian random variables, they are statistically 
independent. Furthermore, 
N 
1 247 TE MD — 
varbu O a oO ee io EOS (3-95) 
Ny Ny N 
lano l. 22021300 1 Ny def? 
vaio Nc DE aS ee THES EE OM (3-96) 
No N, Ny 


Observe that var{b,;}=var{b2;} so that the same symbol has 


been used for both variates. Thus from Whalen [5], 


A+ mi J^. ! 
= ihi , A,20 O T 





g (A.{s.) = ex A 
ae Sm 2 2 0 2 
A, Is, 20, OI Ob: 
where 
2 2 
il o. L 
ms 2 | [— «6$, * —— — ab. a 
Mar E (54) + E (b,.) = N, Su a - |: | (3-98) 
Since 
A, 
1,' = ae ae E (35999 
H, 
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1 JL ak 
if (L's) = 1— Í —-- (3-100) 
1, ls. i m pu Ris. 1 
H, ph 
1 ir e UU TOES [vei som 2p. 
= IH, | ; exp  .2» 
eE ES 
nuocaosgenmnscomüeEdEmargrsnmdgkop.det. tor 13", We want to 


explore independence issues by considering under similar 


PMi@Qelens  OleS,(t) (eudnmSsmitted,, what Correlations exist with 


other variates bj; and bj; where 


1 1 a 
b.. = — (a6, tap.) * — n, * — (37102) 
13 Ne 1 -Jm 2' m N, J1 oO 
E - BSOS 
SU Ce E la Bajt TM uu DE 
0 0 
Clearly, 
1 
E(b,,) = =a% + 2 (3-104) 
j N jm 2 
0 20 
E 5-105 
E N, a p. ( ) 
M E 3-106 
bn m E (b, .] m (ras a) at a p, + 3 nau ( ) 
: + : 3=107) 
ee E a)B,,+ ay) y De ( 
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Now, 


E( fb), Bibs, ES, da o 


1 
ERA ge AS 0) 5, + NR mera (3-108) 
N 
0 
-— [c 6 CINES oB D. + El y] (3-109 
E im > jm im F jm UT ) 
N | 
0 
Since 
Te Te 
Bin n.i) —Jr lato DE (EC) Bae Jac y; 0) at (3-110) 
Tp Tb 
Te 
Ny No 
E > lv, co Y ¡1 (E) dt = E Sm (3-111) 
Ty 
TIS 


1 N 
ES Ee [b, .- E(b,,)1) == o Bes DESDE ae (3-112) 
N 
0 


which in general does not appear to be zero. Unless certain 
orthogonality assumptions are made, it appears that this 


expectation cannot be zero. Now, 


EN Eo IS 


1 


= E{[ (a,- a)§, + ap. + nj [ (a,- (X) But aj St n,)1] (3-988050 
Ny 
== [oe ar of C VOR EM (3-114) 
N im "mj im im T0172 


0 
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Since 
Te 


Tt 
E(n,, no) zug [e y, (t) dt face Y; (T) at (3-115) 
T 


jb 

N l Ny 

noc EE) vene) gt B. (o> 1586) 
Tp 
we have 
oma rib. E(D F] kem [c (E D * p. $,) +8 ] (3-117) 
Je): IY 2 2j o im " mj E pag on 
0 


malar iv, interchanging the indices i andj in Equation 


3-117, we obtain 
Ny 
— B..] (3-118) 


1 
E E tbe S to (6. B, puo Da 
0 


Finally, 
ERN c TEM TTE) x 
1 
aaa a)B + a S, t a cae a) Bt ao sat n,l] (3-119) 
N 
0 
-.x [o B B + oft 6, * E(n,, n..)] 5x0) 
2 mi* mj im ?jm ION 12 
N 
0 
Since; 
Te 
ah N, 
E(n,, n, = 7 jv. (t) Y ¿9 18) dt = > Say (M 
Tp 
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we have 


il N 
B{ (b,,- E(b,)] [b,,- E(b,,)))= TlO 8,54 ae 
0 


] (F122) 


It appears that unless some special cases are considered, 
there is some correlation amongst all the random variables 
making up 1;" and 14" conditioned on the transmission of 
SENE 

Since the 14' cannot be demonstrated to be independent, we 
can see that 


y 1 
Pri <L 1 <L erl 


; E m <L ey oe |S CE) ee 


m-1 m m+1 


can only be approximated by 


M 
[Pera S | s (t), mS L (3-123) 


i-1, i*m 
where Equation 3-123 is an exact result if and only if the 
random variables 1;' can be proved to be Statistica 


independent. Therefore 


E AS 


E 1 H; (L= gi) tmi L (L g aR 
TY juo acus eem] fne some 


2 I 





2 0 2 
i=1,i#m 5, 20, ; 20,: Mo 
* u(L, - 9) dL, (3-124) 
From this we obtain, 
E E R de (3-125) 


—00 
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end “rina lly; 


M 


Pr{c} = »J Prícis (t)) (3-126) 


m=1 


While the result is somewhat complicated, simplifications 
can be introduced on the terms that make up the given 


mathematical expressions. 


E. SIGNAL POWERS 


Equation 3-2 gives an expression for the signal. The 


specular component of this signal is 


Sey = EE E) cos[Q t* $. (t) * 6] (3-127) 


the energy of this specular component is found by 


integrating Equation 3-127 with respect to time over the 
Saol duration, T., yielding 


2 


oC (37128) 


Bo it. 


Muucs d PRfuseccomponentcofothessusgnal is given Dy 


s, (t) 242 v £,(t) cos[G t* 6, (t) 0] (3-129) 


Fixing v and O, the energy of the diffuse Component is v? Efi. 
To find the average energy of the diffuse component, we 
average this expression using the p.d.f. of the r.v. v, to 


obtain 


E 220 E, (3530) 


Do 


We now define specular Signal-to-Noise Ratio (SNR) to be 


LE 
SNR. = E (5 D 
0 
and the diffuse SNR, 
SN = E o E (321325 
PE N 


0 
where for simplicity we will henceforth use the term E to 
represent signal energy in place ot Ec: e ME 
being considered in the sequel have energies Eg; that are 
independent of the index "i." 
Thus, taking the ratio of specular energy (or power) to 


diffuse energy (or power), we obtain 








—— (3-199) 


1. ` MESK 
For M-ary Frequency Shift Keyed modulation, the 


signals take on the mathematical form 


E ! E 
IE) = = Lip ey. eee I. = T T (3-139 
S 


M 
$,(t) - | 3 z Awt i=i,2,...,M (3-135) 
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As a result of this, 


Te 


¡DS Si (C) dt = 


Th 








Tt 
M 
| pa cos |9,t + ( :- =) At 
dE 
T. 3 
| 2x eei 
. COS Q t + ( 5 B =) AOE dr 
T 
S 
Te 
E ES 
= = | cos| (1-3) Aa | GE 
S T, 
Te 
A EN M 
A I| cos |2&,t + Aot (i- 73) + A0t (3-7) [ar (3-136) 
S 
T 


a 


The second integral in Equation 3-136 is clearly 


negligible regardless of value for AO, so that 


[s, ¿6 S; p(t) dat 
Ty 
sin(i-j) AQT /2 cos (i-j) AQ(T, *T.) 


— ——————————— (3-137) 
(i-j) AT /2 2 


We will choose 


AOT 
S 
2 





n 
S 


DID 


where n is an integer because this choice guarantees that the 


transmitted signals are orthogonal. Under these conditions 
we have 
Te Tg 
2 2 
[ vw dt = E = | y,,(t) dt nov) a (oe 
Tp Tp 


For this modulation scheme with the assumption of 


Equation 3-138, we have 


Te 


E Mm M 
Sas |= cos PS AS m- > Amt} dt = 0; izm (3-140) 


Tp 


T 
" M OM 
B, = |= sin} (m >) Aot - (i- >) Aot] ac (3-141) 
Teor 


and after some reduction, 


sin(m-i) AQT /2 sin(m-i) AQ(T,* T.) 
lm ' 2 
(m-i) AQT /2 
Clearly for izm, we will have ;,-0, thus eliminating 


many of the terms involving Gi, andy, in the result for 


receiver performance previously derived. 


Now, from the above results, since Bin = im = 0 for 


im, Edquatione3s-959vreUdE 


2 
-Q 
I. = 2g V izm (3-143) 
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EmarEdquation 3-95 yields 


IO aio ae probabilsty of correct 
ELE must first evaluate "Prices, (tt), lp = IL.) as 


provided in Equation 3-124,-às follows. 


M ba 9s 2 
II | Pt IZ | faja, 
— © T 


2 O 
i-1,i-m 20, Oh 
00 2 2 
P moe 5) 
iS e I ! 
- I] j E Y S dy (3-145) 
i-l,i*m 2 
A 0, 
where the change of variables 
y= (3-146) 





has been made in Equation 3-145. 
Pi accu onsumecdg wise Integral or Equation 3- 
145 is now clearly a Rician function, where, for convenience, 


we have defined 


(306417) 





Mie tieegral Of a Rician in this form is known as a Marcum Q- 


Function and in its general form is defined as 
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2 
Q(A,B) - fy e 1, (Ay) dy (3-148) 
B 


To reduce each small term in Equation 3-145 into 
forms dealing with the SNR's previously defined, we make use 
of the above results and Equation 3-64. Taking terms within 


Equation 3-145, we obtain, 











m 2 SNR 
bi w 7 
Es ; = Ga Vi (3-149) 
s SNR, 
m SNR 
— = —— Vi (3-150) 
u, SNR, (SNR +1 ) 
l 
p, 
== = 2 t yri (31515 
o SNR 
, D 
bi 
SNR, 
g, - ln P, - 1n(1*SNR) - ah (3-152) 
1 a D SNR, 
each of which will be substituted later. For equiprobable 


Signals, the subscript “i” in Equation 3-152 disappears, and 


V i (SINO) 


Fo 
l 
Eve 


The probability of correct decisions for MFSK is now 


obtained by applying Equations 3-125 and 3-126. Equations 


125 contains the p.d.i. for the random variable i cn 


S,(t) transmitted, as” shown (in Egan CNN The 


parameters contained in this equation all have the subscript 
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m, which makes them different than the parameters we used 
earlier when the subscript was i with izm. Reducing these 


parameters in this form, we have 





1 
H = —7; (SNR +l) S 
26 
20 E 
Son = N, (SNR +1) SIDO) 
2 
j SNR, 
m = 25 2 (SNR +1) (35156) 
(X SNR, 
SNR 


S 
SNR, 





g, = m pec 1n (1+SNR,) = (2212599 


where, again, the subscript "m" can be removed for 
equiprobable signals, and P, is simply M^. 
Manipulating the above expressions into forms more 


MI for substjtutgzon into Equations 3-125 and 3-126, 








Ha 2 
za (3-158) 
3 SNR, 
bm 
2SNR_(1+SNR_) 
Te t (3-159) 
2 D m 
o, SNR. 
u.c. 
il bm 
; = 1 + SNR, (3-160) 
Obi Ha 


Pas ONS UDS CI CUL Onm ehe p Ar Or Equation 3-125 


yields 
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IN ETE 


f in [e : 
= ex 
l'[s '"» = SNR, | SNR, 











2 
SNR, 









4 (L -g) 


EIE (3-100 
SNR, SNR, 


Expressing Equation 3-126 im its final form Hec 


to obtain the total probability of correct decisions, we have 


M-1 
; J 1*SNR, Z } | 


2 SNR. 





2 
SNR. 


2 
Z +2SNR, (1+SNR,) 


2 
SNR. 
Z 
I 0 





2SNR, (1*SNR,) 
HA... Je dz (He 


di 


where the substitution 


2 p An 
Z = (L. en) 5 (32103 
Y 
has been used in order to obtain this result. The 


propan Miey of error (P{e}) is now obtained by subtracting 


from unity the P(c) shown aneeouar lone. ioe. 


2. MPSK 


For M-ary Phase Shift Keyed modulation, the signals 


take on the mathematical form 


5 
f, (t) = J 1-752, D i-e (3-164) 
S 
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PP 


0, (t) = E + O, A=] Zee ol (153 


where $9 is a fixed yet arbitrary phase 


IUD CMESSONROPS ME noO will clearly not be 


orthogonal. However, 
Te Te 
2 2 
lo dt = ie dt = E Va (3-166) 
Tp Te 
and for this modulation scheme, 
2T (i-m) 
OS Y (3-167) 
Also, 
2X (i-m) 
T F (3-168) 


Clearly in this case, none of thè terms involving ģim and Bin 


will cancel out as they did in the MFSK case After some 





reductions, 
2n(i-m) m) 
uS E ge SNR. t SNR, COS M + 1 (3-1 69) 
E SNR 
o, = : (3-170) 
bi 2N 
0 
TRAUS, 
m. D SNR, ZI m) i 
nm + ————| $$ —— B 
: > SNR, COS M SNR (Sq) 
SR SNR, D 
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m. SNR, 2T (i-m) i 
ER SNR. + cos "EC oo (3-172) 
| 











| SNR, +1 SNR, 
LL. 2 (SNR * 1) 
———— (3-173) 
d R 
2 SNR 
Mia- Mi N Jess]. 1 
Se ARE: i SNR, +t -COS SERA = 
2 ^ SNR (3-174) 
o, A, SNR 7b 4M. “e 


And SO, TorM E E, 





] 
M Z SNR. 
Priciss tL - I] = 


i=1,i#m 


, SNR, 
cL y + SNR_+COS 
) SNR 1 


ZSNR, SNR, 2n (i-m) i 
T *ISNR.+COS| "MA 
SNR_+1 Ry M SNR, 





mim, 








SNR, 
° 1 - y S 
/2 (sNR,+1) (L =g,) 
SNR, 
SNR, — 1 
T: SNR, *cos| ——— — |^ d 
: SNR +1 D M SNR | Y y 
im im 
"Ii 
4 Į [e ua PM (3-175) 
i=1,i#¥m 


where we have defined for convenience 
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SNR, PICS 1 
A. = ———— | SNR., + cos 7tT + = 
im SNR_+1 2 M SNR, on 
2 (SNR t1) (L -g) 
Ce Soo ISSO 
SNR 
D 
2SNR, 2T (i-m) il 
Eno 2 SNR, + CO M + SNR (3-178) 
SNR, D 


Dow Aue ng ERIS notation, the p.d.f. of Equation 


ES IO reduces to 


PS A 
SNESE 2 2 
tg "is (ORR) = —— E n S (3-179) 
m m SNR 2 
D 
Expro coing aquatlon 3 1260 1n its final form in order 
to obtain the total probability of correct decisions for the 


MPSK modulation scheme, we have 


EA 


im im 


M oo M — —— 
2 
pric) = Dp, | II e {1 - Q(A,, + Bin) } 
m=1 


m 


M S T Ba Cmm dB, (ED 


The final results on receiver performance for MFSK 


and MPSK can now be directly applied to a Rician fading 
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problem. The determination of the fading parameters that 
identify the variables SNRe and SNR, must be determined ecrrener 
through computer simulation or experimentation with a model 
of the reflecting structures. 

This last aspect of the problem has been left for 
further study as it applies to the design of the Space 
Station digital communications Tin sc a3ccH E 
determination of the fading parameters was not feasible given 


the scope of this study. 
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DW ANALYSIS OF ISI EFFECTS ON M-ARY RECEIVERS 
W FIXE IPATH 


In the previous chapter, it was assumed that multipath 
mMterference resulted in signal fading effects causing 
degradation in the performance of digital receivers. A 
Rician fading model was used as a generalization of Rayleigh 
fading to encompass more realistic multipath scenarios. 

In this chapter analysis will be carried out in order to 
determine how a single bit, delayed by multipath propagation 
and thus causing Intersymbol Interference (ISI), affects 
receiver performance. This different approach, no less 
powerful, may be more relevant to certain multipath 
scenarios. 

We analyze here the performance of a receiver which is 
optimum for for deciding which one of M possible signals was 


Mans merced, using the following reesfived signal model: 
E) cs E) nou MUN A A A | (4-1) 


meee ele is the symbol duration, s¿(t) is a deterministic 


cuondd and mit) is once again the AWGN of PSD level Ng/2 


Watts/Hz. 
The receiver which is optimum for this problem is shown 


1A Figure 4-1. 
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CHOOSE 
LARGEST DECISIONS 





-E472 
l 
SA) t 0 
at Y No 
M > in EN 
FIGURE 4-1. Optimum M-ary Receiver Configuration, No 
ISI 


It is now intended to derive the performance of this 
receiver when multipath is present so as to introduce 
transmission delays not to exceed one symbol time. The 
direct-ray path signal will be assumed to have zero delay so 
all multipath contributions will have delays referenced to 
the delay of the direct-ray path signal. For mathematical 


simplicity, let t=) nd Emme piu s; (t) is transmitted. 


Then, in the absence of multipath, 


rot) s, (t) dm ien Ds S qe (4-2) 
Consider the effect of multipath now. We introduce the 
following notation 
N 
S, (t;Q,N,T) = Ya S, (t- t) (4-3) 


n=1 
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lee ey A 20 t 20 


n 


ere ce TNEESECOHSHIVOSESVOEDaths- available at the 
present symbol time during which the signal travels from the 
ma a e tO the receiver, and Q, and t, are the strengths 
and delays respectively of the signal which arrives via these 
secondary paths. 

If s4(t) is transmitted, with multipath present, 


r(t) =s (t) + s,(t;0,N,T) + s (t+T; D,L,m) + nít) (4-4) 


NO CET SL, 2, 02. Mp and k=1,2,...,M. Equation 4-4 
UMSS ae Il the previous symbol time, the symbol s,(t) 
was transmitted during which there were L secondary ray 
paths, with strengths Bi, B2,..., Bi, and corresponding delays 
IEEE 1... Note that L does not necessarily equal N, a, 
does not necessarily equal Dis, and Tta does not necessarily 


caual Np- Note that since for the previously transmitted 


symbol to arrive at the receiver at the same time as the 
Currently transmitted symbol, the latter symbol would have to 
have taken a different path, so the attenuating and delay 
Rates correspending teo the current and previous symbol in 


all likelihood may not be equal. 


In all analysis, since T represents the delay of the 
current bit and T| represents the delay of the previous bit, 


we will assume 


Esp) DE ; OST,ST,, 
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ninsa N, : en] ZE 
To consider a very specific case, let us assume that we 
are dealing with a modulation scheme in which all signals 
have equal energy and equal probability of being transmitted, 


namel y 


ee | s. (t) dt = E Vi (4-5) 


DM E V d (4-6) 
M 


where T will henceforth be used to express the symbol 


duration, Ts, and the signal set ik orthogonia 


T 
s, (t) s,(t) dt = E OF V (4-7) 


0 


Thus, assume that s,(t) is transmitted, Ssy(t) was 


previously transmitted, and define (see Figure 4-1) 


1 


T. 
ile = frit) s, (t) dt V i (4-8) 
0 


Under the assumed conditions, the probability of a 


correct decision, denoted Pr{c | j,k} becomes 
Pr{c | j,k} = Pr(l1,; Nossa a (4-9) 
and 
r(t) = s,(t) + s,(t;0,N,T) + s, (t*T;D, L,n) + n(t) (4-10) 
A STT 
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l 


E 
¡E [0 +3, 0050,0,0+5, (c+7:B,2,m | E 
0 


T 
E | NE) S, (t) dt 
0 


T T y 
= | S, (t) S, (t) dt + | a S, (t=T) s, (t) dt 
0 o n=l 
T r 
+ | y IS dE spam. (4-11) 
0 n=1 
wnere 
T 
n, =] OE) s, (t) dt (4-12) 
0 
Thus 


M T 
l. 2 EÓ9.. + > a | s, 2) EE) Ne 
i ij n j n i 
n=1 0 


n T 
+ > D. | Seinen ace) ie mn (4-13) 


n=1 0 


In general, the remaining integrals in this expression 


Tie MO be zero, even if i+}, and itk. For example, for 


Mask modulation, 


E: 
s, (t) = = cos (21 £.t) 0StsT (4-14) 
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and 
T T 


2E 
| S. (tC) TS" TE) ae = =| COST(UZTI.Et)WGOSWZITE bs 
m ] ap 1 J 
0 


0 


sin [27 (f,- £T) sin[?n(f.* £.)T] 
Lg 8 (4-15) 
2n (f,- £.)T 2T (f£. fT 


If (fi-f4)T and (f,tfj4)T each equal some integer, then 


indeed 
T 
| s,(t) s,(t) dt — E 0, (4-16) 
0 


The frequencies f; and f; can be chosen to satisfy Equation 4- 


16 and this will be assumed to be the case in the sequel. 


Furthermore, 


T T 
2E 
[s, (72), coat - |= cos [2n£. (t-71.) ]cos [2n£,t ] dt (4-17) 
0 
T 


n 
which after some manipulation, reduces to 


E 


m sin pat 10 TENE A 
2xT (£,*£ .) a n j n 


E 


—— | Sin[2nf.TT '] - sin[2nf.Tt'] ¢ = ' 2 
li m j n en } ES, (1,0) (4-18) 


Also, 


T 


n, 
2E 
| so (ctTo a Gh - | 2 cos [2ni A cos[2nf,t] dt 
0 


0 
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E 
—— IS ZA eee i =o Papen i E 
2nT (£, +£,) Om) 


E 


> ] sin[2rT (£ -f.n ')] + sin(2nf T(m '-1 
i 2nT (£,-f,) { eee ees ore om 


=E 6, (0,') (4-19) 
where 
T 
t'=— ; OST '<1 (4-20) 
n T n 
n 
n ' = ps ; 1S, ' <2 (4-21) 


are normalized delays. 


IAS , 


N L 
l. = E X E D) D) D. Eos Diod) + n, (4-22) 


Mc MEL. condxesxonalsesu5srangrE-.ve for which its 


mean and variance can be computed. Under the assumption of 


S3;(t) presently and sy(t) previously transmitted, Equation 


2 2 eapecities sil: | 3g,k, amd using fn overbar to denote 


statistical expectation, we have 
N È 
1,13,k = El 9,, + ELA Y Bons ¡A 
ncc negl 


ana 








1,13,k m du] Ls BLUR DS IL gute = Nn, n 


Ti 


Ne No 
= ff = o. o a Che = PUES O, a) 


im 


From this we observe that 


a 


0 


a ee Vi (4-25) 


Thus, the random variables |) fe “ace wstat! cm MM 


independent, so 


M 
Pr [CASÓ | [2:0 21,03, 


pelo. 
IT Pr(l«L,lj,k) "d (b) dL, (4-26) 
O E 
where Lj is the value assumed to be taken on by 13. SINGE 


2 
(x= Pk | a k) 


Í E E/2 00) - 2 bie E2 


N n 
Lud (3, + E. (t. L + BL. m. ')] 


= crer n=1 n=1 (4-27) 


[N 2/2 


Pr(1,<L,13,k) = dx 


where 





V 
Ji 
erf. (v) = | = du (4-28) 


THUS, 


22 


ES Eu rou 


Eco epe f II E Iu 
i=l ifj J| E72 


— 00 


2 
1 


e ———À exp aps (a E L (in, i,j,k) } dL, (4-29) 
| 21N,E/2 


where 


En T7 R) 


N È 
P 3 A $5, A 
n-i n=1 


poocprain finally, 
M M 
Pr{c} = y ` Eb. kg Prís,(t) : See) (4—31) 


Mete E PESE) ; sx(t)} is the probability that ss(t) is 


j 
EX cud eranmi ted anda e wasipreviously transmitted. 


Due to the independence of transmissions, the probability 


pcc Ut) Was transmitted during the previous symbol 


interval is the same as the probability that it will be 
transmitted during the current symbol interval. Since the 


symbols have been assumed to have equal probability, 


1 
Prís,(t)] = EE E = T (AZ 
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we have 


Er edP 


E 


M MS 
e 
E + y x I] erin Zoe aie = ny ae) a dz (4-33) 


M je o k=1 %  i1;1%3 0 


The probability of error (P{e}) is now obtained by 
subtracting the probability of correct decision )shown oe 
Equation 4-30 %tene mens 

In order to check this result, assume now that no 
multipath is present, so thata,=$,=0 Von. Then the above 
expression correctly yields the werk Tenn TODD 


correct reception of M-ary orthogonal signals, namely 
-1 


2E ii Sr 
pr (c)=| IR zt N — e dz (4-34) 
0 


; Jen 


Again, our derived result is only valid for the specific 
cases that satisfy Equations 4-5 through 4-7. This means 
that nonorthogonal modulation schemes such as MPSK, QAM, 
etc., are not covered by these results. To include the more 
generalized cases of nonorthogonal modulation schemes would 
require a Similar yet mathematically more complex approach 


and therefore has not been attempted here. 
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V. AN APPLICATION EXAMPLE: SPACE STATION 
A. DESCRIPTION OF THE RELEVANT PORTIONS OF THE SPACE 

STATION COMMUNICATIONS SYSTEM 

Figures 5-1 and 5-2 show diagrams of the designed 
physical configuration of the National Aeronautics and Space 
Administration (NASA) Space Station (SS) as of 3 May, 1986. 
This spacecraft will represent a milestone in the evolution 
of space research and manufacturing. 

Incorporated into the Space Station design is an 
elaborate multiple access communication system. This system 
will provide for constant communications with a number of 
Saren Stations by ma Me reng links through NASA’s Tracking 
and Data Relay Satellite System (TDRSS). The system design 
incorporates the ability to simultaneously communicate with a 
number of space platforms, including Co-orbiters/Free-Flyers 
(ae), ae” Orca Leansctemeamvenrcie (OTV), the Orbital 
Maneuvering Vehicle (OMV), the Space Shuttle Orbiters, and 
astronauts conducting Extra-Vehicular Activity (EVA). 

Astronauts conducting EVA will be suited in a newly- 
designed spacesuit, designated the Extravehicular Maneuvering 
Unit (EMU). The EMU will have communications capabilities by 
maintaining links for voice and data, as well as video links 
for television cameras and for relaying a Heads-Up-Display 


conecto Erom the Space Station into the EMU helmet. 
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FIGURE 5S NASA Space Station Baseline Configuration 
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The Space Station is currently in the process of full- 
scale development. Correspondence with Mr. Sid Novosad of 
NASA's Johnson Space Center [6] is the sole reference for the 
technical descriptions contained in this chapter. 

As will later become apparent, the only communications 
link of interest insofar as the development of this chapter 
is concerned is the Space Station-to-EVA astronaut forward 
EDO OS There are two system configurations currently under 
consideration for EBENE The pertinent characteristics 


of these two configurations are outlined in Table 5-1. 


TABLE 5-1. SS TO EMU FORWARD LINK 
Pe URE: CONFIGURATION IT CONE TCURATION 72 
Modulation BPSK DCPSK 

ORSK 
(Alternate) 

Frequency 13.7 GHZ 14.7 GHz 
Bit Rate, Data 40 KBPS 100 KBPS 
Bit Rate, Video 400 KBPS 22 MBPS 
Link Margin 3 dB oe | dB 


Consider first the communication links required for the 
Space Station to transmit to the Co-orbiters/Free-Flyers, 
Orbital Transfer Vehicle, Orbital Maneuvering Vehicle, and 
Shuttle Orb@ters ; Since the tran meeng and receiving 
platforms are in free-space, devoid of reflectors, the only 
potential source for multipath is the structure of the 
receiving platform itself. In order to determine if the 
receiving platforms are “large” enough to provide sufficient 
reflected signal travel delay so as to cause multipath 


propagation loss, we must first determine how far the RF 
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cn ey ewi l l ravel m dúring one bit interval. THiS 1s 
ePi ously a function of bit rate. Assuming propagation at 
the speed of light in free-space, we make use of the bit 


rates under consideration in order to generate Table 5-2. 


TABLE 5-2. DISTANCE TRAVELLED IN ONE BIT PERIOD 


Bit Rate, Ry (BPS) Bit Period, T Distance, D. (m) 
22 M 45.45 ns 13.64 
400 K 2.5 Hs 750 
100 K 10 us 3000 
40 K 25 Us 7500 


The proposed receiving platforms for Space Station are 
Sibstantially smaller than the corresponding signal 
propagation distances for all except the highest bit rate 
case. In addition, all platforms are generally devoid of 
components in their structure that would cause reflection of 
a substantial amount of RF energy directed towards the 
receive antenna. Thus, this situation prevents multipath 
from being a serious problem, even for the 22 MBPS case. 

Nevertheless, the Space Station is a relatively large 
Stocuerure, in "relation to the 13 meters transit width 
required to produce ISI given a 22 MBPS signaling rate. The 
dual keels, the living and working modules (denoted the 
Habitability Modules), the solar panels, and the solar 
dynamic reflectors are all reflectors of RF energy. THS 


means that multipath is a concern when the receiving antenna 
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is physically close to or within theccontineswe to aho M EE 
Station-structure. 

Some comments must be made here regarding the use of 
“space diversity” as a multipath countermeasure. In more 
traditional atmospheric fading situations, the propagation 
ray paths experience refractive "bending" within the 
atmosphere. If all the RF energy from a signal is bent away 
from a particular area in the atmosphere, that area is called 


, 


a "shadow zone," because the signal is not easily received 
within that area. This effect can be overcome by placing 
receiving antennae at different locations so that if one 
antenna falls within the shadow zone, others may still be 
able to receive the signal. This technique is called 
“spatial diversity.” 

When a radio signal is transmitted to the Space Station, 
the conductive elements which make up its frame can reflect, 
diffract, absorb, and re-radiate the RF energy so that the 
ray paths of the signal are bent. Thus, with the Space 
Station, shadow zones may exist, but not because of the kind 
of refractive ray trace bending that occurs in the 
atmosphere. Nevertheless, spatial diversity techniques are 
still useful in overcoming these signal losses. So NASA is 
planning to use a similar technique on the Space Station. 
Current plans are to distribute receiving antennae on each 
extreme of its structural periphery so intercept signals 


before they are bent by the structural elements. 
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This spatial diversity technique also allows us to rule 
out severe multipath loss in most cases when the Space 
Station is the receiving platform. If an antenna intercepts 
the incoming signal before it is reflected by the Space 
Station structure, then the antenna cannot experience the 
multipath which is caused by that structure. An onboard 
computer will process the received signals in real-time in 
order to determine which antenna is receiving the signal with 
the least amount of interference, and will link that antenna 
to the receivers directly. Thus, multipath is not expected 
to be a serious problem when the receiving platform is 
located on the Space Station. 

This leaves one case yet to be considered. TQ 
astronaut involved in Extravehicular Activity is positioned 
within the periphery of the Space Station structure, the 
radio transmissions have ample opportunity to suffer multiple 
reflections before they arrive at the astronaut's own receive 
antenna. The direct path will undoubtedly exist, yet there 
can be a plethora of alternate paths reflected off all the 
Space Station extremities previously listed. Furthermore, an 
enois a small structure, basically a "space suit”, not 
providing the opportunity of being able to make use of space 
diversity as a countermeasure for multipath. mo addition; 
both the Space Station short-range antenna and the EMU 
antenna are omnidirectional, so they accept all incoming 


Signals without prejudice. Thus it is necessary to 
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accurately determine whether multipath will in fact seriously 
interfere with the astronaut’s ability to communicate with 
the mother ship. 

A complete analysis cannot be performed here. But it may 
be possible to judge qualitatively whether this subject 
deserves further attention by evaluating previously obtained 
results on receiver probability of error when ISI effects due 
to multipath propagation for conditions @eyemea! of What can 
be expected for Space Station designs. That is the intent of 


this chapter. 


B. ANALYSIS OF THE POTENTIAL FOR SPACE STATION ISI 
1. Scenario 

In order to evaluate the probability of error 
expression given by Equations 4-31 and 4-32, it is necessary 
to set up an arbitrary geometry for which the requisite 
assumptions that lead to multipath-induced ISI are met. Due 
to analytical constraints, however, the geometry must be 
arranged so that the only bitS arriving at the receiver at 
time t are the current bit and the previously transmitted bit 
only. A complete analysis would require a detailed survey to 
determine exactly how many paths satisfy this criterion, and 
to establish the expected signal strengths and delays 
associated with each path. However, if it can be shown that 


a Single reflected path can interfere sufficiently with the 
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Que Ey ao e Communications as to effectively nullify the 
receiver, then a more detailed analysis may be unnecessary. 
Assuming that the very large solar panels of the 
Space Station are the primary RF reflectors, and assuming 
that a 22MBPS data link is in use between the Space Station 
omni antenna and an EVA astronaut, Figure 5-3 describes a 
cus Nheresthe “kt {Mbit arrives via the direct path, 
ans samne eime, the previous Kk-T7th" pic? arrived via 


the reflected path. 
CROSSBEAM 


0 ANNAN, 


ASOLAR PANEL 





\ 
M". 
Pee PATH SERIE ) 
>, 
a 


4.74 
M 

3 

a 

Y 

(E 

KEEL 
FIGURE 5-3. ISI Analysis Geometry (not to scale) 


By this geometry, the direct path distance is 25 
meters, and the total reflected path distance is 32.02 
noe POS Dit rate of 22° MBPS, during the time in which 
the receiver is integrating the incoming signal, bit "k" will 


arrive at the EMU via the direct path, while at the same 


83 


time, the previous bit “k-1” arrives via the reflected path, 
and after a slight delay, the REA Sn 

In this scenario it is assumed that the solar panel 
is facing away from the astronaut, so that its aluminum 
backplate faces him/her. Since aluminum is a good conductor, 
it is possible that approximately 100% of the incident 14.7 
GHz carrier wave is reflected by the solar panel. 
Furthermore, since the space loss difference between the 
direct and reflected paths is negligible, the reflected path 
signal has approximately the same electromagnetic strength as 
the direct pathi siomal Thus, the QA, as well as the fp, 
coefficients in Equation 4m 2 Sm O 

The other necessary parameters for evaluation of 
Equations 4-31 and 4-32 can be calculated directly and are 
found in Takle 3: 


TABLE 5-3. ISI PARAMETERS 


PARAMETER VALUE 

M (QFSK) 4 

M (BPSK) 2 

fo I OH 
T 45.45 ns 
D 0.348 
m 0.348 

B. 1.0 

Qu T 


2. Analysis 
Table 5-1 for Space Station communication links lists 


the three candidate modulation schemes as BPSK (Binary Phase 
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Shift Keying), OFSK (Quaternary Frequency Shift Keying), and 
DCPSK (Differentially Coherent Phase Shift Keying). The 
analysis, however, does not apply to a differential 
modulation scheme, and although it may be possible to 
extrapolate results for differential schemes from the 
analysis, it would be quite difficult to do so in the general 
case, therefore such schemes are not considered. 

Although BPSK is being considered as one of the 
potential modulation schemes for Space Station digital 
communication links, that scheme is not an orthogonal 
Signaling technique, so that the general results obtained in 
this chapter do not apply to this specific scheme. However, 
since the performance of most systems employing BPSK 
modulation enjoy a 3 dB SNR improvement over the performance 
Src tiie hace ySEensmuttlizing BESK modulation, which is an 
orthogonal signalin scheme, the results involving the latter 
scheme can be used aS an indicator of a similar system 
employing BPSK modulation provided that approximately 3 dB 
SNR adjustments are made. 

The receiver probability of error has been evaluated 
using the general results of Chapter 4, for the cases of 
transmission via BFSK and QFSK modulated signals, as a 


function of SNR. In this chapter, SNR is defined as 


E 
SNR s — (5-1) 
N 
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where E is the signal energy and Np is the PSD level of 


Additive White Gaussian Noise (AWGN) in Watts/Hz. The signal 
transmission and reflection geometry used in order to obtain 
these results is based on the assumptions described in the 
previous section. The signal strengths traveling along the 
reflected paths, namely QA and B, were assumed to be unity, 
indicating the fact that we are assuming that the strength of 


the signals traveling along the reflected path equals that of 


the signals traveling along the direct path. The delays, T 
and N, were calculated to be 0.348 given the assumed 
propagation geometry. 

Numerical performance evaluations were then performed 
in which the signal traveling along the reflected path had a 
strength of half that of the signal traveling along the 
direc SHE 0 UM Finally, similar evaluations were 
carried out for varying propagation delays which took on 
values over the range 0.1 to 0.9. 

The receiver performance curves of BFSK and QFSK 
modulated signals are shown in Figures 5-4 and 5-5 
respectively, with values of signal delay that would be 
encountered in the assumed scenario previously described 
(T=N=0.348). Curves for the cases of no LSt7 ea sen ne 
multipath propagation) are included in each case, making it 
possible to evaluate how large a detrimental effect on 


receiver performance is due to multipath-induced ISI. 
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Observe that as the reflected path signal strength 
increases, receiver performance degrades as expected. Also 
note that QFSK modulated signals exhibit somewhat higher 
error prebability than BESK modudated signals. However, 
direct comparisons cannot be made because the former involves 
symbol error rate specifications while the latter involves 


bit error rate values. 





3 
a 
Q No SNR 
H Strength=0.5 
Strength=1 
0 2 4 6 8 10 12 14 
SNR, dB 
FIGURE 5-4. BFSK With Delay=0.348 
Y 
B 
e No ISI 
H Strength=0.5 


Strength=1 





0 2 4 6 8 10 112 14 
SNR, dB 
FIGURE 5-5. QFSK With Delay=0.348 
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Keeping now the signal propagation delay constant at 
0.1, Figures S=6 wand 5-7 display the “errespending results 
for signal transmission via BFSK and QFSK when Q&Q and B vary 
over the range from zero to one. Ihese plots show that for 
this relatively small signal propagation delay, systems using 
BFSK modulation display a marginal amount of performance 


Superiority over systems using QFSK modulation. 





y 

a 

Q — No ISI 

H -€- Strength=0.5 

©- Strength=1 
0 2 4 6 8 10 12 14 
SNR, dB 
FIGURE 5-6. BFSK With Delay=0.1 

y 

a 

o — No SI 

H -€ Strength=0.5 


X Strengthz1 





0 2 4 6 8 10 12 14 
SNR, dB 
FIGURE 5-7. QFSK With Delay=0.1 
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Whereas a propagation delay of 0.1 is at the low end of 
the acceptable values consistent with the initial analytical 
assumptions, a delay of 0.9 is near the high end of the 
acceptable values. Holding the propagation delay constant at 
0.9, Figures 5-8 and 5-9 display the receiver performance of 
BFSK and QFSK modulation schemes while the reflected path 


signal strengths increase from zero to one. 





y 
Es 
e No ISI 
H Strength=0.5 
Strength=1 
0 2 4 6 8 10 12 14 
SNR, dB 
FIGURE 5-8. BFSK With Delay=0.9 
O 
a 
o — NolSI 
d -9- Strength=0.5 


d Strength=1 





0 2 4 6 8 10 12 14 
SNR, dB 
FIGURE 5-9. QFSK With Delay=0.9 
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In general, for this limited scenario, ISI analysis shows 
Ec 
*At a 22MBPS data rate, degradation can result even from 
just one multipath source even given the fact that in this 


analysis only one bit was interfering at any given time. 


*ISI is worse when the delay is long (see Figures 5-6 
enrough 5.9) 


*ISI gets worse as the reflected signal strength gets 
stronger. 


eIn the worst cases of ISI, the differences between QFSK 
and BFSK are too small to be of concern. 


Although just one reflected path was analyzed, the 
probability of error was shown to have quickly degraded to 
unacceptable levels. In light of the fact that Space Station 
will have much more than one multipath reflector and will not 
be limited to just one bit interference, a nominal design 
specification link margin of 6 dB may not reduce the 
probability of error to acceptable levels. Therefore, this 
is a problem that deserves more careful scrutiny before the 


actual hardware choices are made. 
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VI. CONCLUSIONS 


Chapter 2 provided a brief overview of the root causes of 
multipath propagation. The general theory pertaining to how 
multipath propagation degrades digital receiver performance 
was described. Mao a description of how. the 
physical structure relates to the analytical parameters was 
provided. 

Chapter 3 then dealt with multipath propagation in the 
form of a digital communication system experiencing Rician 
fading. Analytical expressions of receiver probability of 
error for the specific cases of MFSK and MPSK modulation 
Schemes were obtained. 

Chapter 4 treated the multipath propagation phenomenon in 
the form of single-bit Intersymbol Interference (ISI). An 
exact result for receiver probability of error was obtained 
for M-ary orthogonal signaling schemes where the M symbols 
have equal probabilities. 

In Chapter 5, multipath propagation analysis was applied 
COTNASA's Space Station. It was demonstrated that in at 
east one communication link scenario, Intersymbol 
Interference may cause unacceptable receiver performance ina 
link between the Space Station and an Extravehicular Activity 


(EVA astronaut. It must be emphasized that Chapter 5 took 
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only a cursory but conservative look at the actual conditions 
to be present when Space Station is finally built. Actual 
receiver performance could be somewhat worse than the 
performance obtained in this study. 

A further complication is that in the analysis of 
Chapter 5, the signal delays and signal strengths were 
treated as deterministic quantities. In actuality, since 
there will be no way of predetermining the physical location 
of the astronaut's receiver at any instant in time, it would 
be more accurate to treat those parameters us scu 
processes. 

Since the phase of an incoming signal is determined by its 
propagation delay, and since the propagation delay in the 
case of the Space Station-to-astronaut link is most likely to 
be observed as a random process, the delay itself should be 
treated as a random process. In any situation where the 
incoming signal phase is random, it is generally unwise to 
encode the message as a function of that phase. This may 
preclude the use of Phase Shift Keyed signals as an 
appropriate modulation scheme for Space Station. In a 
Situation such as the one described in Chapter 5, a Frequency 
Shift Keyed modulation scheme is usually a better choice, 
Since the frequency of the incoming signal will be relatively 
unaffected by the signal's propagation over such a short 


distance. 
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All these remarks, however, are contingent upon the use of 
omnidirectional antennae with both the transmitter and 
receiver. If a directional antenna were to be used on either 
end, the chance of having unwanted reflections off of Space 
Station structures could be minimized. mwceounhdprobably 
be best implemented through the use of a directional antenna 
at the transmitter which could track the EVA astronaut as he 
moved about. The tracking antenna could either mechanically 
or electronically follow an omnidirectional beacon that could 
be carried by the astronaut. The specifics as to what system 
would perform optimally given the size and power constraints 
of Space Station systems is left for further research. 

The important finding to come out of this work is the 
possibility that an EVA astronaut, just tens of meters away 
from his mother ship, might very well be unable to 
communicate with anyone if the multipath problem is left 
unaddressed. The implications of such an outcome are 


obvious. 
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